Background-Rather than the absolute dose of diuretic or urine output, the primary signal of interest when evaluating diuretic responsiveness is the efficiency with which the kidneys can produce urine after a given dose of diuretic. As a result, we hypothesized that a metric of diuretic efficiency (DE) would capture distinct prognostic information beyond that of raw fluid output or diuretic dose. Methods and Results-We independently analyzed 2 cohorts: (1) consecutive admissions at the University of Pennsylvania (Penn) with a primary discharge diagnosis of heart failure (n=657) and (2) 
A cute decompensated heart failure (ADHF) is predominantly a disease of fluid overload. 1, 2 As such, the primary therapeutic objective of most ADHF hospitalizations is fluid removal, with the mainstay of therapy being intravenous loop diuretics. 1, 3 It has been suggested that resistance to loop diuretics is an adverse prognostic indicator, and several authors have described a steep dose-response relationship between the amount of loop diuretic administered and adverse outcomes. [3] [4] [5] However, the dose of loop diuretic prescribed captures much more than simply the amount of diuretic resistance because dose selection is influenced by factors such as perceived disease severity, degree of congestion, and the physician's individual practices regarding diuretic dosing. In fact, some studies have actually found a lack of survival disadvantage or even a survival benefit associated with higher loop diuretic doses after accounting for these potential confounding factors, illustrating that diuretic dose is not an ideal surrogate for diuretic resistance. [6] [7] [8] [9] Fundamental to the assessment of diuretic responsiveness is determining how well the diuretic can actually facilitate augmentation of urine production. As such, the amount of urine produced is really only valid in context of the dose of diuretic given. For example, the loop diuretic dose in a patient who has a goal fluid loss of 500 mL will often be significantly less than for a patient who has a goal fluid loss >3 L. However, if both patients required 200 mg of intravenous furosemide to reach their goal, the patient that produced only 500 mL of urine would have much greater diuretic resistance than the patient that produced 3 L despite the identical diuretic dose. A reciprocal analogy can be drawn with patients producing similar fluid output with different doses of diuretic. As a result, the primary signal of interest in diuretic responsiveness is really the efficiency with which the diuretic can facilitate urine production, not the absolute dose of diuretic or the absolute production of urine. As such, we hypothesized that a metric of diuretic efficiency (DE), defined as the net fluid lost per milligram of loop diuretic during an ADHF hospitalization, would capture distinct prognostic and potentially mechanistic information from that of raw fluid output or diuretic dose. Accordingly, we sought to investigate the association between DE and clinical variables and outcomes in 2 independent cohorts of ADHF.
Methods
Given that decongestion strategies vary substantially across institutions and by the composition of patient population, 2 distinct cohorts of ADHF patients were analyzed separately. The first represents a single-center retrospective cohort of consecutively admitted patients to the Hospital of the University of Pennsylvania (Penn cohort) with which detailed information about diuretic administration was collected. The concept was subsequently validated in a second independent cohort, the prospective multicenter Evaluation Study of Congestive Heart Failure and Pulmonary Artery Catheterization Effectiveness (ESCAPE) trial. Details of both cohorts are as follows.
Penn Cohort
We reviewed the charts of all patients with a primary discharge diagnosis of congestive HF who had been admitted to noninterventional cardiology and internal medicine services at the Hospital of the University of Pennsylvania between 2004 and 2009. Inclusion required a B-type natriuretic peptide level >100 pg/mL within 24 hours of admission, receipt of intravenous loop diuretics, and availability of data on fluid intake and output during hospitalization. To focus primarily on the physiology and timing of decongestion, patients with a length of stay ≤2 days (who likely underwent limited decongestion) and patients with a length of stay >14 days (who likely had either atypical degrees of congestion or nondiuresis-related problems driving the length of stay) were excluded from the cohort. Patients receiving renal replacement therapy were also excluded. In the event of multiple hospitalizations for a single patient, only the first admission meeting the above inclusion criteria was retained. See Figure IA in the Data Supplement for additional details on patient selection. Allcause mortality was determined via the Social Security Death Index, and status was ascertained 2.5 years after discharge of the last patient in the data set. 10 The median time from discharge to ascertainment of all-cause mortality was 5.1 years (interquartile range [IQR], 3.7-6.3 years).
ESCAPE Cohort
The ESCAPE trial was a National Heart, Lung, and Blood Institutesponsored, randomized, multicenter trial of therapy guided by pulmonary artery catheter versus clinical assessment in hospitalized patients with ADHF. Methods and results have been published previously. 11, 12 Briefly, 433 patients were enrolled at 26 sites from January 2000 to November 2003. Inclusion criteria included ejection fraction ≤30%, systolic blood pressure ≤125 mm Hg, hospitalization for HF within the preceding year, treatment during the preceding month with >160 mg of furosemide equivalents daily, and ≥1 sign and 1 symptom of congestion. Exclusion criteria included admission creatinine level >3.5 mg/dL. Patients were randomized to therapy guided by clinical assessment alone versus pulmonary artery catheter and clinical assessment. Treatment goals were resolution of signs and symptoms of congestion, and investigators were encouraged to avoid progressive renal dysfunction or symptomatic systemic hypotension. Patients in the ESCAPE population that did not have data available to calculate net urine output (n=19) and patients that did not have data available on peak loop diuretic dose (n=24) were not included in the current analysis. All-cause mortality was determined 180 days after randomization.
Relative DE in each patient was determined as fluid output per milligram of loop diuretic received (expressed as milliliters of net fluid output per 40 mg of furosemide equivalents). Forty milligrams of furosemide equivalents was chosen as reference because this dose has been reported to produce near-maximal rate of instantaneous natriuresis in a healthy volunteer naive to diuretics. 13 For the Penn cohort, where detailed information on diuretic administration was available, DE was calculated using the cumulative in-hospital net fluid output divided by the cumulative in-hospital amount of intravenous loop diuretic received (cumulative DE). For the ESCAPE cohort, only peak loop diuretic dose received in a 24-hour period was available; thus DE was calculated using the average daily fluid output divided by the peak intravenous loop diuretic (peak DE). Given the desire to compare effect sizes across variables and between cohorts, the median values for DE (Penn cohort: median, 480 [IQR, 195-1024 ] mL net fluid output per 40 mg furosemide equivalents; ESCAPE cohort: median, 148 [IQR, 61-283] mL net fluid output per 40 mg furosemide equivalents) were primarily used. To allow direct comparison between the cohorts, the primary analyses were repeated using peak DE in the Penn cohort calculated using the median from the ESCAPE cohort. Estimated glomerular filtration rate (eGFR) was calculated using the 4-variable Modified Diet and Renal Disease equation. 14 Worsening renal function was defined as a ≥20% decrease in eGFR at any time during hospitalization, unless otherwise specified. [15] [16] [17] [18] [19] [20] Loop diuretic doses were converted to furosemide equivalents with 1 mg bumetanide=20 mg torsemide=80 mg furosemide for oral diuretics, and 1 mg bumetanide=20 mg torsemide=40 mg furosemide for intravenous diuretics. 21, 22 The study was approved or determined to qualify for exeption from institutional review board review by the Hospital of the University of Pennsylvania and Yale University Institutional Review Boards.
Statistical Analysis
Values reported are mean±SD, median (quartile 1-quartile 4), and percentile. Independent Student t test or Wilcoxon rank-sum test was used to compare continuous variables between 2 groups of patients. χ 2 test was used to evaluate associations between categorical variables. Correlation coefficients are Spearman ρ and reported as r 2 values. The independent association between renal variables associated with DE was determined using logistic regression. Proportional hazards modeling was used to evaluate time-to-event associations with all-cause mortality. Candidate covariates entered in the model were baseline characteristics with <10% missing values and a univariate association with all-cause mortality at P≤0.2. In the Penn cohort, these variables consisted of age, race, diabetes mellitus, ischemic HF cause, presence of edema, digoxin use, outpatient loop diuretic dose, thiazide diuretic use, heart rate, systolic blood pressure, B-type natriuretic peptide, serum sodium, hemoglobin, eGFR, and blood urea nitrogen. In the ESCAPE cohort, these variables were age, hypertension, ischemic HF cause, presence of edema, jugular venous distension, baseline β-blocker use, baseline angiotensin-converting enzyme or receptor blocker use, preadmission loop diuretic dose, thiazide diuretic use, systolic blood pressure, serum sodium, eGFR, blood urea nitrogen, and hemoglobin. In-hospital or discharge variables with a theoretical basis for confounding were forced into subsequent models regardless of univariate association with mortality. Models were built using backward elimination (likelihood ratio test) where all covariates with P<0.2 were retained. 23 Survival curves were plotted for patients with the 4 combinations of DE above or below the median and diuretic dose above or below the median for both cohorts. The x axis was terminated when the number at risk was <10% and statistical significance was determined using the log-rank test. Statistical analysis was performed with IBM SPSS Statistics version 20.0 (IBM Corp, Armonk, NY), and statistical significance was defined as 2-tailed P<0.05 for all analyses except for tests for interaction, where P<0.1 was considered significant. 
Results
Baseline characteristics of the 2 cohorts are presented in Table 1 . There was a broad range of DE represented in the cohorts (Figure 1 Figure II in the Data Supplement). The direct correlation between diuretic dose and net fluid output was also moderate (Penn r 2 =0.27; ESCAPE r 2 =0.14). In line with the requirement for baseline high-dose loop diuretic use for enrollment into the ESCAPE trial, loop diuretic doses were generally higher and DE was lower in the ESCAPE population (Table 1) .
Baseline and In-Hospital Factors Associated With Low DE
Characteristics of patients with DE above or below the median value (below the median henceforth referred to as low DE) are reported in Table 1 . As expected from the nature of dichotomization, the net urine output was significantly less and doses of loop diuretics greater in patients with low DE (Table 2) . However, patients with low DE were not universally given high doses of loop diuretics (32.5% had diuretic doses below the median in the Penn cohort and 32.9% in the ESCAPE cohort). Both baseline and discharge loop diuretic doses were greater in patients with low in-hospital DE (Table 1) .
Nondiuretic baseline differences between patients with and without low DE, including right heart catheterization variables and physical examination findings, were small and generally not statistically significant across both cohorts ( Table 1 ). The only nondiuretic baseline characteristics associated with DE in both ESCAPE and Penn cohorts were blood urea nitrogen and eGFR (Table 1) Figure 2 ). In a multivariable model incorporating both eGFR and baseline blood urea nitrogen, only blood urea nitrogen remained significantly associated with low DE (Penn cohort: odds ratio [OR], 1.14 per 10 increase in blood urea nitrogen; P=0.009; ESCAPE cohort: OR, 1.19 per 10 increase in blood urea nitrogen; P=0.005). In ESCAPE, there was no difference in DE based on randomization to a pulmonary artery catheter-guided treatment strategy (P=0.72) or treatment with a pulmonary artery catheter (P=0.19). However, among patients randomized to care guided by clinical assessment alone, there was a higher rate of crossover to pulmonary artery catheter use in patients with low DE (OR, 3.5; P=0.014). The use of inotropes and length of stay was greater with low DE in the ESCAPE cohort but not the Penn cohort (Table 2) . Similar overall findings were noted in the Penn cohort when using the peak DE definition from the ESCAE cohort (Tables I and II in the Data Supplement) .
Diuretic Strategy, Relief of Congestion, and Worsening Renal Function
Overall, the in-hospital treatment approach/outcomes for patients with or without low DE appeared to differ somewhat between cohorts. In both cohorts, low DE resulted in the escalation of diuretic strategies such as higher doses of loop diuretics, greater use of adjuvant thiazide diuretics, and initiation of a loop diuretic infusion (diuretic infusion usage available only in the Penn cohort). In patients with low DE, the maximum 24-hour loop diuretic dose was 4.0 times the baseline dose in the Penn cohort, whereas in the ESCAPE cohort, there was a 2.6-fold increase in maximum furosemide equivalents over the preadmission dose. In ESCAPE, low DE was associated with what appeared to be less complete decongestion. This was evidenced by higher right atrial and pulmonary capillary wedge pressure and discharge physical examination findings consistent with continued volume overload compared with patients with preserved DE (Table 2) . Interestingly, despite discharge with persistent congestion, the rate of deterioration in renal function was no different between patients with or without low DE (Table 2 ). In the Penn cohort, significant differences in the degree of decongestion were not apparent because discharge physical examination findings were not different between groups (Table 2) . However, the rate of worsening renal function was substantially greater in the low DE group (Table 2) . Overall, the above findings were also noted in the Penn cohort when using the peak DE definition from the ESCAPE cohort (Tables I and II 
DE and Prognosis
In the Penn cohort, a total of 346 patients (52.7%) died over a median follow-up of 3.2 (IQR, 1.2-5.2) years, and in the ESCAPE cohort, a total of 75 patients (19.2%) died over a median follow-up of 179 (IQR, 129-180) days. Consistent with previous literature, a loop diuretic dose above the median was associated with significantly reduced survival in both Penn and ESCAPE cohorts (Table 3; Table III in the Data Supplement). However, net fluid output below the median was not associated with survival in either cohort (Table 3 ). The same lack of association was found for the continuous net fluid output variables, even after accounting for length of stay (P≥0.18 for both cohorts). Despite the lack of mortality information related to net fluid output, low DE was associated with substantially worsened survival (Table 3 ). In line with the limited correlation between net fluid output, intravenous loop diuretic dose, and DE, this mortality disadvantage with low DE seemed to be relatively independent from the absolute dose of diuretic or amount of fluid lost (Table 3) . After adjustment for baseline characteristics, only DE remained significantly associated with mortality in both cohorts (Table 3) . These findings were also noted in the Penn cohort when using the peak DE definition from the ESCAPE cohort (Table 3 ). There was a trend toward a stronger association between low DE and mortality in patients with reduced compared with preserved ejection fraction; however, this did not reach statistical significance (Table  IV in the Data Supplement). The unadjusted risk for mortality in patients with low DE receiving doses of loop diuretics above or below the median is depicted in Figure 3A and 3B. Figure 3A ) and ESCAPE cohorts (adjusted for baseline characteristics; HR, 4.08; 95% CI, 1.70-9.82; P=0.002; P interaction=0.53; Figure 3B ). In both cohorts, patients that received low doses of loop diuretic and who had preserved DE had substantially better survival compared with the remainder of the groups (Figure 3 ). After extensive adjustment for baseline characteristics in addition to in-hospital-and discharge-related variables (length of stay, use of milrinone, dobutamine, adjuvant thiazide use, worsening renal function, hemoconcentration, discharge physical examination findings, and discharge medications), the association between DE and mortality remained in both the Penn (HR, 
Discussion
In the current analysis, we found that in the setting of ADHF the efficiency with which loop diuretics induce diuresis is strongly and independently associated with survival. Notably, DE was only modestly correlated with diuretic dose and net urine output, but provided distinct prognostic information to either parameter. Furthermore, despite the strong association between DE and mortality, baseline disease severity indicators such as right heart catheterization variables, vital signs, and physical examination findings were remarkably similar between groups. Although the simple metric of DE presented in this analysis is not without shortcomings, it does provide an easily calculated metric that strongly associates with mortality and may have advantage over diuretic dose or fluid output in describing diuretic resistance. The previously reported association between high doses of loop diuretics and mortality, in conjunction with known direct adverse cardiorenal effects of loop diuretics, raised the possibility that high-dose diuretics were directly causing adverse outcomes. [24] [25] [26] However, a confounding factor is that sicker patients generally receive higher doses of diuretics. Supporting this notion, previous studies have reported that a wide range of disease severity indicators are generally worse in patients receiving high doses of diuretics. 4, 6, 7, 27, 28 Furthermore, after extensive multivariable adjustment or propensity matching, several investigators found no association or even a survival advantage associated with the use of high doses of loop diuretics. [6] [7] [8] [9] Although not formally testing high versus low absolute doses, the Diuretic Optimization Strategies Evaluation (DOSE) trial randomized patients to high versus low intensification of their home diuretics (although the low intensification group still received >120 mg of intravenous furosemide per day) and found no difference in outcomes between groups. 29 Moreover, in the recent Cardiorenal Rescue Study in Acute Decompensated Heart Failure (CARRESS-HF) trial, patients treated with aggressive dosing of diuretics had similar outcomes to those treated primarily with ultrafiltration. 30 In the current analysis, we found that: (1) diuretic dose did not retain independent prognostic information in fully adjusted multivariable models incorporating both loop diuretic dose and DE; and (2) low DE had an equal, if not worse, prognosis in patients receiving lower doses of loop diuretics. These data add to the growing literature arguing that the bulk of association between in-hospital high-dose loop diuretics and mortality is unlikely to be cause and effect. Although the long-term mortality associated with DE was consistent across cohorts, the short-term renal and decongestive outcomes were not. In the Penn cohort, there was a strong signal for worsening in renal function in patients *Significant P value. †To facilitate comparison of effect sizes, HRs represent the risk for all-cause mortality associated with a value above or below the median with the HR reflecting an exposure of diuretic dose above the median, efficiency below the median, or fluid output below the median. In the Penn cohort, variables entered in the multivariable model consisted of age, race, diabetes mellitus, ischemic heart failure cause, presence of edema, digoxin use, outpatient loop diuretic dose, thiazide diuretic use, heart rate, B-type natriuretic peptide, systolic blood pressure, serum sodium, hemoglobin, eGFR, and blood urea nitrogen. In the ESCAPE cohort, these variables were age, hypertension, ischemic heart failure cause, presence of edema, jugular venous distension, baseline β-blocker use, baseline angiotensin-converting enzyme or receptor blocker use, outpatient loop diuretic dose, thiazide diuretic use, systolic blood pressure, serum sodium, eGFR, blood urea nitrogen, and hemoglobin. Loop diuretic dose and DE were dichotomized into high and low by the median value in each cohort. Low loop dose was also defined as a loop diuretic dose above or below the median value, which was 280 (interquartile range, 120-600) mg in the Penn cohort and 240 (interquartile range, 120-400) mg in 24 h in the ESCAPE cohort.
with low DE, but a limited signal for differences in the degree of decongestion achieved as suggested by similar discharge physical examination findings. In ESCAPE, the reciprocal was found with no differences in renal outcomes but substantial persistent volume overload by right heart catheterization variables and multiple physical examination findings. Interestingly, the relative augmentation in diuretic dose over the baseline dose was larger in the Penn cohort (4-fold) than in the ESCAPE cohort (2.6-fold). A common clinical dilemma when diuresing a diuretic-resistant patient is that additional decongestion often comes at the expense of deterioration in renal function. Notably, the ESCAPE trial protocol specifically called for therapy to be adjusted to achieve stable or improving renal function by discharge. Although interesting, the clinical profile of patients enrolled in ESCAPE was substantially different from Penn, and the fidelity of available data is not sufficient to allow speculation that differences in treatment decisions caused discordant renal and decongestive outcomes between cohorts. However, the discordant findings between Penn and ESCAPE cohorts, with respect to the degree of discharge congestion, indicate that low DE may not always translate into an inevitable inability to decongest a patient.
It is widely known that renal function is an important determinant of diuretic responsiveness. Thus, it was somewhat surprising that a strong relationship between eGFR and diuretic dose, net fluid output, or DE was not identified. However, multiple facets of renal physiology contribute to diuretic resistance, only 1 of which is captured by GFR. In the setting of a severely depressed GFR, it has been well described that diuretic responsiveness is impaired. 13 However, this relationship is primarily pharmacokinetic and a result of reduced tubular drug delivery rather than true resistance because the relationship between tubular diuretic concentrations and natriuresis is unchanged in chronic kidney disease. 13, 31 Due to the fact that loop diuretics are avidly bound to albumin, glomerular filtration is actually a minor pathway in which loop diuretics are delivered to their tubular sight of action. 13 Rather, active secretion by proximal tubular cells, a process which is dependent on renal blood flow, is primarily responsible for diuretic delivery to the site of action. However, in the setting of HF, the normal relationship between GFR and renal blood flow can be uncoupled by a substantial increase in filtration fraction, weakening the pharmacokinetic relationship between GFR and drug delivery in HF. Perhaps more importantly, it has been thought that the primary source of variability in response to a loop diuretic in patients with HF is actually pharmacodynamic. 31 Notably, multiple processes that are distinct from GFR or drug delivery, such as diuretic breaking, distal tubular structural remodeling, and renal neurohormonal activation, can all cause increased tubular sodium reabsorption even in the setting of normal diuretic delivery. 13 Although DE seemed to correlate slightly better than diuretic dose or net fluid output, the relationship remained weak. Notably, a very low eGFR did not exclude the possibility of preserved DE, nor did a normal eGFR exclude the possibility of poor DE. Although there are clearly substantial limitations in the assessment of renal function estimated with creatinine-based metrics in the setting of acute HF, these results provide further support that renal function is not the dominant factor driving DE in HF. Rather, it is the complex interplay between cardiac function, renal function, and volume status that ultimately determines diuretic responsiveness.
Limitations
Given the post hoc nature of this study, the limitations of retrospective analyses apply; residual confounding cannot be excluded; and causality is impossible to determine. Although the definition of DE used in the current analyses provides substantially more physiological information compared with the use of diuretic dose or net fluid output alone, it is not a perfect measure of diuretic resistance. The sigmoidal shape of the dose-response relationship of loop diuretics with both threshold and plateau natriuretic portion limits any linear parameter of diuretic resistance unless it is assured that all patients are on the same portion of the dose-response curve. The fact that only 33 patients in the Penn cohort and 17 patients in the ESCAPE cohort received peak loop diuretic doses <40 mg (a dose which produces maximal instantaneous natriuresis in a healthy volunteer) suggests that, in the majority of patients, only through reduced DE was the renal threshold not met. However, patients that received diuretic doses that had put them on the plateau portion of the dose-response curve likely had an underestimation of DE. Additionally, patients that received an adjuvant thiazide diuretic likely had a significant alteration in their loop DE. However, these changes in loop DE induced by nonloop diuretics are not accounted for in these analyses, potentially biasing the results. Furthermore, diuretic resistance is really only relevant in patients with volume overload, and the fidelity with which volume overload can be defined on a population level is limited. As such, it is probable that some patients may have had low DE in response to a dose of diuretic that was in fact appropriate given that they were not volume-overloaded (ie, a patient admitted primarily because of fluid redistribution rather than total body overload). However, the majority of these limitations would be expected to influence associations with loop diuretic dose or raw fluid output as a metric of diuretic resistance more so than DE. The use of creatinine-based metrics for the assessment of renal function in the likely nonsteady state scenario of ADHF is a significant limitation, and thus descriptions of static and dynamic associations with renal function should be considered hypothesis-generating. Although validating the diuretic resistance concept in the multicenter ESCAPE population adds value, the ESCAPE trial was not designed to study DE; the trial required high doses of baseline loop diuretic for inclusion; and cumulative loop diuretic exposure was not collected, requiring the use of 24-hour peak diuretic dose to estimate DE. Furthermore, both the ESCAPE and Penn cohorts used relatively selective inclusion criteria. As a result, the reported observations may not apply to less-selected populations and thus are in need of validation. Additionally, patients with a length of stay of 1 or 2 days were excluded from the Penn cohort. This is potentially an important source of bias because these patients may have responded particularly briskly to diuretics, permitting early discharge. These factors significantly limit the certainty of generalizability of our findings, and as a result, the observations reported in this article should be interpreted as hypothesis-generating and require validation in unselected cohorts.
Conclusions
Low DE during decongestive therapy portends poorer long-term outcomes above and beyond traditional prognostic factors in patients hospitalized with ADHF. In light of the central role for loop diuretics in the management of volume overload in HF, additional research is required to validate these findings in less-selected populations, to develop more precise metrics of DE, and to determine whether therapeutic strategies that improve DE can positively impact outcomes.
